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Abstract. Smart environments are becoming a reality in our society and the number of intelligent devices integrated in these 
spaces is increasing very rapidly. As the combination of intelligent elements will open a wide range of new opportunities to 
make our lives easier, final users should be provided with a simplified method of handling complex intelligent features. Speci-
fying behavior in these environments can be difficult for non-experts, so that more efforts should be directed towards easing 
the customization tasks. This work presents an entirely visual rule editor based on dataflow expressions for interactive tab-
letops which allows behavior to be specified in smart environments. An experiment was carried out aimed at evaluating the 
usability of the editor in terms of non-programmers’ understanding of the abstractions and concepts involved in the rule model, 
ease of use of the proposed visual interface and the suitability of the interaction mechanisms implemented in the editing tool. 
The study revealed that users with no previous programming experience were able to master the proposed rule model and edit-
ing tool for specifying behavior in the context of a smart home, even though some minor usability issues were detected. 
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1.  Introduction 
Ambient Intelligence (AmI) [39],[47] has emerged 
as a computational field that can benefit different 
facets of our daily lives. New advances in AmI tech-
nologies deal with automation, transparency and ad-
aptation [9],[18],[31],[46], as smart environments are 
increasingly provided with heterogeneous devices 
that need to be successfully integrated and intercon-
nected [2],[14],[24]. The user’s explicit interactions 
with the environment tend to be avoided in order to 
achieve ubiquitous solutions [34]. However, due to 
the great variety of possible situations, configurations 
and user demands, it is unlikely that developers can 
come up with systems capable of discovering the 
user’s contextual preferences with a high degree of 
accuracy in all cases without any input from the user 
himself. The user’s preferences should therefore form 
the key knowledge to be identified during the initial 
stages of the configuration. Other computer science 
areas consider the information provided by the user 
as a fundamental piece of their development process 
[43], and the AmI field is beginning to consider simi-
lar approaches. Recent studies within the AmI field 
are interested in determining the users’ expectations 
of the future smart environments [3],[19],[25],[26]. 
Moreover, AmI systems are beginning to introduce 
implicit inputs to improve user satisfaction and cus-
tomization, also known as implicit human computer 
interaction [36]. 
Considering the integration of explicit user speci-
fications is also important because of the growing 
complexity of intelligent systems and the difficulty of 
automatically adapting them to many different con-
textual situations, so that it will be vital to involve 
final users in personalizing the behaviors/reactions of 
these environments. This is a challenging require-
ment as the personalization must be carried out by 
the final users of the system in a natural way, even if 
they have little or no programming knowledge. 
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Due to their reactive nature, smart environments 
often rely on event-based solutions. Event-Condition-
Action (ECA) rules are usually preferred for these 
specifications [27],[40], and several studies reveal 
that ECA rules are easily understood by users with no 
programming knowledge [17],[22],[32]. However, 
the existing ECA rule-based approaches for specify-
ing behavior either tend to minimize the expressive-
ness of the language in order to make it understanda-
ble to users or restrict highly expressive language to 
professional developers or skilled users. In addition, 
the scenarios in which ECA rules are involved rely 
on limited domain-specific ontologies, and thus re-
strict the specification to a few reactive and non-
extensible elements, which prevents their use in real 
ambient intelligence scenarios in which intelligent 
devices are heterogeneous and constantly changing. 
After studying the limitations of the existing rule 
models, we proposed a highly expressive and do-
main-independent language to define behavior rules 
and showed that this language is understandable by 
users without any prior programming experience 
[7],[33]. However, in the context of our proposed 
language, it remains to be seen whether adequate 
tools can be provided to support the specification of 
reactive environments. This paper makes manifold 
contributions in this respect. Firstly, it presents a tan-
gible rule editor based on interactive surfaces offer-
ing natural interactions with fingers or physical ob-
jects. This editor allows rules to be specified in a 
wide range of expressiveness levels according to the 
users’ knowledge and skills. Secondly, we provide a 
user study to validate the suitability of the proposed 
tangible mechanisms to define reactive behaviors in 
smart environments. Finally, we identify some of the 
problems that will need to be addressed in the design 
of future tangible tabletop-based editors for personal-
izing smart environments. 
2.  Related work 
This section reviews existing studies that provide 
behavior specification mechanisms to customize 
ubiquitous systems according to users’ preferences 
and motivates the use of a tangible-based user inter-
face for the proposed customization system. 
Dey et al. present iCAP [11], an informal pen-
based tool for prototyping context-aware systems 
without coding, using IF-THEN rules as the behav-
ior-specification mechanism in these environments. 
The rules defined with iCAP only allow conjunctions 
or disjunctions inside the conditional part of the rule 
– the antecedent. Inside these conditions only rela-
tional operators can be used. The action part of the 
rule, known as the consequent, only allows the con-
junction of actions. This way, iCAP is intended to be 
easy enough to be used by end-users and expressive 
enough for developers who want to prototype simple 
context-aware applications. For this purpose, the au-
thors highlight as future work that they would like to 
increase iCAP’s expressiveness and allow the edition 
of more complex rules. 
The work in [8] presents a rule-based Service-
Oriented Device Architecture (SODA) reactive sys-
tem in which ECA rules are defined by programmers. 
This event-driven programming mechanism includes 
a time frequency modifier operator which allows the 
optimization of pull/push operations to retrieve data 
from sensors, thus, achieving important energy sav-
ings. 
More expressive rules can be found in the work 
described in [4], in which IF-THEN rule construc-
tions are extended with optional WHEN sentences, 
allowing the distinction between the event and the 
rule condition, which is more accurate for an ECA 
approach. In addition, OR-IF statements can be used 
to specify alternative behavior. Although this system 
still has not been evaluated, it is conceived to be used 
by non-expert smart home dwellers, as it uses a web 
interface based on drag-and-drop interactions to con-
struct the rules. 
García-Herranz et al. [16] created an application-
independent programming system based on powerful 
ECA rules, which allows end-users to program com-
plex behavior in ubiquitous environments. The sys-
tem relies on a common kernel supporting the textual 
specification of highly expressive rules. García-
Herranz also introduces the concept of timer, thus 
allowing the specification of rules to be executed 
before, during or after the specified time. Several 
user interfaces are implemented to adapt the system 
to different user backgrounds and situations. One of 
the proposed interfaces, not aimed at end-users, is 
based on traditional window-based controls and 
makes use of drag-and-drop metaphors to construct 
the rule. An interface more suitable for end-users was 
developed using tangible drag-and-drop interactions, 
but has only been tested with a limited ontology. 
Homer [30] is a highly expressive work based on 
ECA rules. The conditional part of the rule allows the 
conjunction and disjunction of conditions and events, 
as usual, but it also facilitates the specification of 
timed sequences of events. In this case, events have 
to be raised in the specified order and within the 
Author version 
Patricia Pons, Alejandro Catalá, Javier Jaén. Customizing Smart Environments: A tabletop approach. Journal of 
Ambient Intelligence and Smart Environments, vol. 7 (4), pp. 511-533, 2015 
 
specified time slot for the rule to be triggered. Homer 
offers two different user interfaces designed for tab-
lets and smartphones, respectively, which allow the 
textual specification of behavioral rules. Despite the 
highly expressive language, Homer lacks the ability 
to define rules for groups of devices, and it would be 
desirable to have more flexibility when defining the 
actions to be performed, e.g.: being able to set nu-
merical values as lighting options, and not just “turn 
off” and “turn on” actions. 
Gallag Strip [23] is a programming by demonstra-
tion context-aware application for mobile phones. In 
order to define simple IF-THEN rules, the user has to 
start the “demonstration” mode in the application, 
where the system listens for sensor events triggered 
by user actions. When the desired event/action is 
recognized, the user can add it to the appropriate part 
of the rule, i.e., the antecedent part if it was an event 
or the consequent part if it was an action. Time and 
date restrictions can also be added manually to a rule. 
However, the programming by demonstration meth-
odology has some disadvantages dealing with the 
wide range of possibilities of smart environment sce-
narios. It does not allow the specification of abstract 
concepts or hypothetical situations such as “when 
there is a fire at home”, limiting the system to just 
the automation of known and reproducible tasks. 
Díaz et. al. present a visual rule definition lan-
guage prototype for smart environments [12]. This 
visual language will incorporate semantic mecha-
nisms and fuzzy logic in order to define imprecise 
rules involving related or contextual devices/services. 
The antecedent of the rule is formed by conditional 
expressions that instantiate the scenario and the enti-
ties involved. The actions to be performed consist of 
the combination of services invocations using con-
junctions, disjunctions, loops and similar control se-
quences. Although its visual interface is conceived 
for novice users, there is still no evidence supporting 
this claim as it has not been implemented yet. 
Proprietary solutions as Cortexa1 or Control42 of-
fer customization systems restricted to household 
domains and only provide a limited variety of actions. 
In addition, open source initiatives as NinjaBlocks3 or 
Twine4 have arisen, but they still offer simple func-
tionality and require the explicit configuration of 
each sensor added to the network. 
                                                          
1 Cortexa Automation: http://www.cortexaautomation.com/ 
2 Control4: http://www.control4.com/ 
3 NinjaBlocks: https://ninjablocks.com/ 
4 Twine: http://supermechanical.com/twine/ 
One of the common goals all these customization 
systems aim to reach is being usable by end-users, 
who usually do not have any programming back-
ground. Thus, proposals as programming by demon-
stration tools, visual languages or activity learning 
systems have become really helpful. However, there 
are limitations with these kind of customization 
mechanisms. Firstly, not every situation can be re-
produced for the system to record it. Secondly, in-
creasing the expressiveness tends to increase the 
complexity of the user interface. Finally, behavior 
recognition systems act as black boxes and their de-
cisions can hardly be explained, which annoys the 
user. The necessity for a comprehensible and useful 
behavior editing tool arises. This editing tool should 
allow an easy customization of the system in the ma-
jority of situations in which the previous mentioned 
systems would cause difficulties to the user.  
Aiming at easing the interaction and understanding 
of the system, new advances in the Human-Computer 
Interaction field have been considered. Tangible User 
Interfaces (TUI) have arisen over the last years as an 
appealing way for learning and interacting with com-
puting systems [5],[20]. There have been several 
studies on how to objectively evaluate the benefits of 
TUIs for learning purposes [28],[29]. Also, research 
and studies on comparing classical UIs to tangible 
ones have been carried out in several areas with the 
main goal of facilitating learning mechanisms and the 
interaction with the system [21],[38],[42]. The com-
parative studies found in previous related works point 
out TUIs as an effective mechanism to captivate the 
users’ attention and motivation [41],[45], easing the 
completion of hard tasks. Motivated by the ad-
vantages TUIs can offer, the editing tool presented in 
this work relies on a tabletop based user interface. In 
combination with a powerful behavior model and a 
comprehensible visual language, our customization 
system could have the highly desired balance be-
tween high expressiveness and usability. This paper 
presents our proposal for a tabletop-based rule edit-
ing tool and the usability study conducted. Thanks to 
this study, potential pitfalls have been detected and 
reported, which will contribute to improve the design 
of promising tangible editing tools. 
3.  Rule-based behavior specification with 
tabletops 
In order to combine a comprehensible way of de-
fining behavior with high levels of expressiveness we 
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opted for a rule-based model enriched with dataflows, 
and a tangible editor for interactive tabletops based 
on the rule model. Both contributions are aimed at 
enabling users with little or no previous program-
ming experience to specify reactive behaviors in the 
context of smart environments. 
3.1.  Rule model 
There already exists a wide range of AmI middle-
ware [1],[13] that deals with the extreme heteroge-
neity of devices by defining proprietary ontologies. 
Instead of developing yet another ontology, we there-
fore adopted a generic and flexible abstraction based 
on categories/types and elements/entities that is able 
to integrate any specific ontology without affecting 
the way in which the behavioral rules are edited. 
In this context, reactive environments, such as 
smart spaces in which the elements respond to users’ 
inputs or events, are here considered as ecosystems. 
These ecosystems are populated with entities, which 
are an abstraction of the intelligent elements physi-
cally present in the smart environment. As elements 
of a smart space belong to a category or type of ele-
ment, each entity in the ecosystem conforms to a 
specific entity type which determines both its behav-
ior and features. For example, in a smart home the 
entity types would represent types of devices, such as 
Television, Radio or AirConditioner. Each entity type 
defines a set of properties and actions, e.g., an Air-
Conditioner entity type would have several actions 
such as TurnOn, SetFanSpeed, SetReferenceTemper-
ature, TurnOff, etc. and properties such as Refer-
enceTemperature and FanSpeed among others. Each 
instance of a specific entity type, e.g., entity Dining-
RoomAC, would be able to execute the actions de-
fined by its type. However, the state of each entity of 
a given type, regarded as the value of its properties, 
would be different and would change during the evo-
lution of the ecosystem. 
As an intelligent space responds to changes in its 
environment, ecosystems evolve due to the occur-
rence of events. These occurrences conform to a giv-
en event type and are raised by the entities during 
their life cycle, e.g. every entity conforming to the 
TemperatureSensor entity type could trigger an event 
TemperatureChanged to announce changes in room 
temperature. 
Taking these terms as basic building blocks, a rule 
is formally defined as an ordered pair R = <P, Q>, 
where P is the antecedent and Q is the consequent. 
The antecedent P, defined as P = (E, S, C), is formed 
by the occurrence of an event conforming to an event 
type E that has to be raised by a source population S, 
and a condition C associated to E and S. The conse-
quent Q, defined as Q = (T, O, F, {DP}), is constitut-
ed by a target population of entities T, a condition F 
that filters the entities in T which are affected by the 
operation O, and a set of data processes {DP} indi-
cating how the operation parameters are established 
before its execution. 
Looking for highly expressive solutions, source 
and target populations in the rule can be specified in 
two different ways. Firstly, they can be specific enti-
ties in the ecosystem (e.g. DiningRoomAC) indicat-
ing an individual behavior that applies only to a giv-
en entity. Secondly, populations can be specified as a 
collection of entities of the same type, as several enti-
ties of a given type frequently participate in the same 
way in certain scenarios (e.g. all AirConditioners in a 
room). Conditions C and F are useful for refining 
these populations as required, instead of defining 
individual rules for each entity involved. 
The semantics for a rule R is as follows: when an 
entity belonging to S raises an occurrence of an event 
E, and if the condition C is satisfied, then the rule is 
instantiated and activated. The operation O will be 
executed on those entities in T which satisfy the filter 
condition F. The operation parameters will be estab-
lished regarding the specification of the data process-
es {DP}. A common behavioral rule in the context of 
a smart home is shown in Fig. 1 (a), representing the 
situation in which someone leaves the house and the 
alarm is effectively enabled. This rule should be edit-
ed without major concerns by novel users. The rule 
in Fig. 1 (b) exposes an elaborated rule, which uses 
generic populations and filtering conditions in order 
to define a single rule for a group of devices, which 
should act in the same manner under certain condi-
tions. For defining this rule with previous approaches 
as the ones discussed in the related work section, 
many single rules to deal with several devices in the 
ecosystem would be required. Thus, our approach is 
more efficient and fits to the abstract reasoning that 
people usually perform when they talk about sets or 
collections of items. In addition, the hypothetic situa-
tion described in Fig. 1 (b) would be hard to define 
using programming by demonstration tools: David 
should be aware of Mary’s intentions to call in order 
to start the demonstration mode of the editing tool. 
Conditions C and F are Boolean expressions that 
can be represented as data processes, which define a 
visual representation of an assignment expression. 
The resulting Boolean value of these data processes 
is used to determine whether a particular condition 
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holds or not. Moreover, the operation O of the rule is 
also specified by means of data processes. This oper-
ation can be either the assignment of a value to a tar-
get population’s property or the execution of an ac-
tion of the target population. In case of a property 
value assignment, only one data process is required 
whereas if an action is executed several data process-
es are required, one per parameter. 
Data processes represent expressions visually and 
thus consist of several graphical elements. Firstly, a 
data process contains a collection of data sources, 
such as an event’s attributes, entity properties or con-
stant numerical values. Secondly, operators are re-
quired to transform data sources into new values. 
Finally, dataflow connections allow the application 
of operators to source data and their combination in 
subsequent operations. The final result of the entire 
expression in the data process may be assigned either 
to a property, an action parameter or a condition re-
sult. An example of the visual representation of an 
expression is shown in Fig. 2. 
In previous work [7] we showed that dataflows 
provide high expressiveness and could be understood 
by users with non-programming backgrounds. 
3.2.  Rule editor 
The rule editor evaluated in this work relies on the 
rule model enriched with dataflow expressions pre-
sented above. As the editing tool relies on this gener-
ic and flexible model, it can be connected to any re-
active environment that can be mapped to the model. 
The editor was conceived to work on interactive tab-
letops, which have touch input and related techniques 
suitable for editing dataflows. Exploring, selecting 
and editing by finger touch would make the system 
simpler for end-users. An important issue is that the 
concepts of the underlying model should be shown in 
such a way that users can overcome the inherent 
complexity of the model in an iterative and incre-
mental process. With this in mind, the edition task 
was devised as a succession of decisions to be taken 
within different partial views of the rule available to 
the users. Once a partial view is shown, the users are 
supposed to use both finger-based input and specific 
tangibles to access the required collections and edit 
the data processes that compose the assignment ex-
pressions of the view in hand. Rules are saved 
throughout the entire editing process and also at the 
end of the edition, so users can review and reedit 
former rules to correct mistakes or adapt a rule to 
their current preferences. Also, experienced users can 
freely navigate from one rule to another and from 
view to view inside one of the rules, without follow-
ing a specific editing order. Thus, both skilled and 
unskilled users could find the easiest way to config-
ure their environment by adapting the editing tool to 
their learning curve. Given that a tabletop can serve 
as potential collaborative mediator, with the aim of 
WHEN S: House THROWS an EVENT occurrence 
of type E: PersonLeaving 
THEN 
PERFORM 
True  Alarm.Enabled 
 
(a) Simple rule for activating the alarm when someone leaves the 
house 
 
WHEN S: HousePhone THROWS an EVENT  
occurrence of type E: ReceivingCall 
[IF condition C:  
ReceivingCall.caller = Mary holds] 
THEN 
FOR_EACH entity in T: Speaker 
[so that the filter condition F:  
Speaker.Location = David.Location AND  
Speaker.Volume < ( Speaker.VolumeMax / 2 )] 
PERFORM 
Speaker.VolumeMax * 75 / 100  
Speaker.Volume 
 
(b) Elaborated rule for incoming calls, which turns up the volume 
of the speakers surrounding the receiver 
 
Fig. 1. Text based rule example for a smart home. 
 
Fig. 2. A visual representation of the expression MIN(volume + 1, 
maximum_volume) to calculate the new volume of an entity. 
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facilitating collaboration in future scenarios, texts can 
be read from two sides of the tabletop by mirroring 
them on an axis and using 360º controls. The main 
elements of the editor and just how the editing pro-
cess is carried out are explained below. The editor 
was developed for a Microsoft Surface 1.0 Unit and 
was implemented using the Microsoft XNA Frame-
work and Microsoft Surface SDK v1.0. 
3.2.1.  Exploring collections 
A generic control for collection manipulation on 
tabletop displays was used [6] to facilitate the task of 
exploring collections and selecting rule elements, 
such as entities, events, operators, and properties. 
There are three collections from which to select 
the most important elements in a rule: the source 
population, the target population and the event. The 
elements in these collections are accessed in a struc-
tured way, meaning that there can be different collec-
tion levels. This leveled structure organizes elements 
in the collection and filters them according to users’ 
selections. 
When selecting source or target populations, users 
have to navigate through different collection hierar-
chical levels. For example, if the source population 
has to be the DiningRoomAC entity, users should first 
choose the source entities’ collection, explore it to 
find the AirConditioner entity type and select it. 
Once the AirConditioner entity type is selected, the 
collection of AirConditioner entities is displayed. 
Finally, the user has to explore this collection and 
select DiningRoomAC. DiningRoomAC is then estab-
lished as the source population. Likewise, users can 
select an entity type as a source or target population, 
meaning that all the instances of the selected entity 
type will be affected by the rule. For example, if the 
target population has to be all the televisions inside 
the house, users should choose the target population 
collection and explore it to select the entity type Tel-
evision as the target. At this moment, all the televi-
sion entities will be considered as target entities 
when the rule is triggered, with no need to define 
individual rules for each television in the house. 
Once the event and the source and target popula-
tions have been selected, the associated collection 
will display the selection and it will remain fixed 
until the end of the editing process unless the user 
decides to modify the selection. As the users can 
make a mistake during the selection, and also experi-
enced uses may want to redefine an old rule for a 
new purpose, modifications of the source, the target 
or the event of a rule once they have been already 
selected are allowed.  
Two additional collections are used to explore op-
erators and foreign elements, i.e. entities or proper-
ties which are not part of the source and target popu-
lations. The operators’ collection displays a set of 
operators to be applied to source data. Operators are 
grouped by category: logical, relational, arithmetical, 
etc. The operators’ collection is shown in Fig. 3, il-
lustrating a user selecting a “greater than” operator 
and dragging it to the editing area. The foreign ele-
ment collection contains all the entities in the ecosys-
tem, and interaction with this collection is the same 
as with source and target collections. However, se-
lecting an entity in the foreign element collection will 
not establish it either as the source or target popula-
tion. The purpose of this collection is to allow any 
 
Fig. 3. Selecting an operator by exploring the operators’ collection 
and dragging the operator into the canvas. 
 
Fig. 4. Initial view of the editor: both source and target populations 
have been set, while the event remains unselected. 
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entity or property to be used as a data source in a rule, 
e.g. comparing the ReferenceTemperature property 
of an entity OfficeAC with the new Temperature noti-
fied by the OfficeTemperatureSensor. 
All the collections are accessed with tangibles, 
which can be dragged across the surface to move a 
collection to a different location. Moreover, users can 
display, hide or relocate any collection at any time 
during a rule’s editing process. 
3.2.2.  Views 
For usability reasons, rule editing was divided into 
four views. The initial view of the editor is given in 
Fig. 4, and shows the selection of the source, target 
and event. This first step is meant to introduce the 
user to the main rule elements and consists of three 
colored areas in which the user has to put a specific 
tangible to start the selection and pick the desired 
items. There are three special tangibles for this pur-
pose, each of them attached to one of the required 
collections: source population, target population and 
event. When a user puts a tangible on the tabletop, 
the corresponding collection is displayed. The tangi-
ble can be rotated in order to display more elements 
in the collection, following the interaction techniques 
of the collection control. As explained above, each 
entity is only able to raise the events that have been 
defined within its type. To facilitate the correct selec-
tion of an event, the events collection is updated dy-
namically and only shows events that the selected 
source population can trigger. 
Once these selections are performed, users can 
choose between the three remaining views, which 
deal with the condition, filter and operation processes 
and can only be specified or edited one at a time. 
This design decision forces the user to focus on a 
specific dataflow expression and is expected to re-
duce editing errors. In any of these three views, users 
have to edit the corresponding data process described 
in the formalized rule model of section 3.1: the con-
dition view will include the definition of the condi-
tions applicable to the source population and the 
event; the filter view consists of editing the condi-
tions that target entities must hold; and the operation 
view will define the actions to be carried on those 
target entities fulfilling the filtering conditions de-
fined in the filter view. 
For editing the condition, filter and operation 
views, the user has to proceed in each of them as 
explained in the following section. 
3.2.3.  Editing data processes 
Once the user has chosen to edit a view’s associat-
ed data process, he can drag elements into the editing 
area and set up dataflows between them. Elements 
that can be connected with dataflows are generically 
referred to as nodes. Initially, the only visible ele-
ment in the condition and filter views is the target 
node that represents the Boolean result of the data 
process, while in the operation view, the user has to 
select the required property or action of the target 
population. 
Users may drag entity properties from collections 
to the workspace area, or just select a property from a 
collection and the property will be added to the data 
process. The same interaction mechanism can be 
applied to event attributes and operators. Numerical 
constants can also be added to a data process, for 
 
Fig. 5. Numerical setting control. 
 
Fig. 6. Dataflow edition between an event attribute and an operator 
to form a condition data process. 
Author version 
Patricia Pons, Alejandro Catalá, Javier Jaén. Customizing Smart Environments: A tabletop approach. Journal of 
Ambient Intelligence and Smart Environments, vol. 7 (4), pp. 511-533, 2015 
 
which a special control has been considered (see Fig. 
5). When the corresponding tangible is positioned on 
the surface, a slider control is displayed and the de-
sired value can be established. 
Creating dataflows between the elements in the ed-
iting area is simply a matter of drawing lines between 
the elements to be linked. A dataflow can only be 
drawn in its natural direction, i.e., from a data pro-
ducer to a data consumer node, thus, avoiding syntac-
tical mistakes. An example of dataflow edition is 
shown in Fig. 6. 
The users are informed of any mistakes made in 
the dataflow connections during the editing process 
and are provided with hints to help solve them. This 
visual feedback is given in two different ways: some 
errors are displayed while the user is editing the data 
process; for example when a new dataflow is created, 
its color will show whether it has been correctly edit-
ed, red indicating an error (e.g. input and output val-
ue types do not match). Other mistakes are pointed 
out at the end of the process, such as cycle detection 
or disconnected node verification. The later kind of 
mistakes are pointed out by indicating in red the as-
sociated view name in the view collection, and by 
coloring in red the names of the affected nodes. For 
any mistake or modification, there exists a specific 
deletion tangible which can be used to delete both 
nodes and dataflows, restore collections to their ini-
tial state if any selections where done, and delete the 
source, target or event of a rule by touching the cor-
responding collection with the deletion tangible. Fig. 
7 shows a completely edited data process without any 
mistakes in the editing process. Users can change 
from view to view whenever they need, and the mod-
ifications on each view will be saved for later review, 
as well as any mistake information feedback. A rule 
will become completely edited when the source and 
target populations are selected, as well as the event, 
and the condition, filter and operation data processes 
are correctly edited, i.e., with no mistakes. Once a 
rule is completed, it can be revisited later for further 
modifications. 
4.  Experimental evaluation 
An exploratory test was carried out to evaluate the 
usability and adequacy of the developed rule editor. 
The trial involved a comparison of the process of 
defining reactive behaviors in the context of a smart 
home on two categories of subjects with different 
programming backgrounds. The aim was to find out 
whether users with no programming skills would 
have difficulties when specifying the reactive behav-
iors. The ease of use of the proposed visual interface 
and the suitability of the interaction mechanisms 
based on tangibles and multi-touch input were also 
evaluated, to determine whether the specification 
process would be negatively affected by issues at the 
interface interaction level and/or by problems related 
to the understandability of the underlying conceptual 
model. 
4.1.  Participants 
Sixteen volunteers (11 male and 5 female) partici-
pated in the study. Eight had previous programming 
experience (P), as they were studying or working in 
the Computer Science field. The remaining eight 
subjects had no previous programming experience 
(NP) and heterogeneous backgrounds. The program-
mers’ ages ranged from 22 to 36 (Mean (M) = 27.75, 
Standard Deviation (SD) = 5.676), and non-
programmers’ from 17 to 37 (M = 26, SD = 7.874). 
All the programmers reported using both personal 
computers and tactile devices every day. Seven non-
programmers reported using personal computers eve-
ry day and one almost every day. Five non-
programmers used tactile devices every day, two 
almost every day, and one infrequently. 
Only one of the participants (a programmer) rarely 
used interactive tabletops. The rest of the participants 
had never used an interactive surface before doing 
this test. All the participants had normal or corrected-
to-normal vision and were right-handed, except for 
one non-programmer who was ambidextrous. 
 
Fig. 7. Complete operation data process conforming the expression 
LivingRoomTV.Volume * 20 / 100  LivingRoomTV.Volume. 
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4.2.  Method 
The participants were asked to use the rule editor 
proposed in Section 3.2 to complete a set of exercises 
individually. All the experiment and the exercises it 
comprises were constructed around a hypothetic 
smart environment model, which represented a com-
mon smart home and its commonplace devices (air 
conditioners, televisions, lights, etc.). Consequently, 
participants focused only on the editing assignments. 
This way, external noise is avoided and the experi-
ment effectively analyzes the usefulness and com-
prehension of the tool. Previous to the edition with 
the tabletop-based tool, they were introduced to the 
basic concepts of reactive rules and behavior defini-
tion and performed a set of paper-based exercises to 
assess their understanding of the concepts. They were 
then introduced to the editing tool by associating the 
concepts with the elements in the editor and guided 
through a definition of a complete example rule to 
introduce them to the interaction mechanisms used in 
the tool. They were then asked to complete eight ex-
ercises in each of which they had to define a behavior 
rule using the visual editor. The rule specification of 
each exercise was given on paper in the form of the 
visual notation of generic data processes. 
Rule difficulty varied among the exercises, and the 
sequence in which they were carried out was differ-
ent for each subject, to eliminate order effects. Table 
1 shows the difficulty of the rule proposed in each 
exercise, according to three dimensions: condition 
difficulty, operation difficulty and appearance of for-
eign entities (entities different from the source and 
target populations). A condition or operation was 
considered of low difficulty if the expression in-
volved was as simple as a single comparison or a 
trivial assignment with only one operator, e.g., Vol-
ume – 20. Conversely, conditions or operations with 
high difficulty were those containing compound ex-
pressions, e.g. Volume > 20 AND Volume < 30. To 
simplify this classification, the difficulty of editing a 
data process was considered high if there were two or 
more operators involved. If there were one or more 
foreign entities present in the rule, its difficulty was 
considered high in this regard. Fig. 8 and Fig. 9 show 
two of the eight exercises presented to the partici-
pants using the visual notation they learned during 
the training.  
The users’ interactions with the rule editor were 
recorded and then post-processed for the extraction 
of relevant information for the statistical study. The 
sessions were also video-recorded for further analysis 
of the participants’ behavior patterns. At the end of 
the session, the subjects were asked to fill in a ques-
Table 1 







Exercise 1 Low Low Missing 
Exercise 2 High Low Missing 
Exercise 3 Low Low Present 
Exercise 4 High Low Present 
Exercise 5 Low High Missing 
Exercise 6 High High Missing 
Exercise 7 Low High Present 
Exercise 8 High High Present 
 
Fig. 8. Rule from exercise 3, representing the activation of the 
alarm when John leaves the house.  
 
Fig. 9. Rule from exercise 6, representing the configuration of the 
volume of LivingRoomTV. 
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tionnaire in order to collate their opinions on usabil-
ity of the system and their understanding of the inter-
actions. 
4.3.  Evaluation dimensions 
In order to evaluate the ability of the editing pro-
cess to enable both programmers and non-
programmers to produce behavioral rules, several 
dimensions of the process were studied: 
 Process efficiency: the capability of the tool to 
enable users to effectively achieve their goals. 
This can be measured by several factors, such as 
time spent on each exercise, unsatisfactory ex-
plorations or incorrect actions which have to be 
undone. 
 Correctness: the degree of correctness of the 
rules obtained after the editing process, accord-
ing to the paper-based specification given. 
 Process layout management: the suitability of 
the layout interface elements in the editing tool 
for the spatial distribution of elements and the 
movements that users perform to position them. 
4.4.  Experimental results 
The following sections give the main results of the 
experiment concerning the previously defined dimen-
sions for both groups of subjects and an evaluation of 
any significant differences between the groups. Gen-
eral conclusions on the editing tool’s effectiveness in 
supporting behavior specification are also given. 
4.4.1.  Process efficiency 
The difficulty of the editing process, and thus the 
required level of expertise to carry it out, can be 
measured by means of several metrics, such as the 
average time subjects spend on each exercise, the 
number of fruitless explorations, or the number of 
times the deletion tangible is used to remove incor-
rect parts of the expression. The higher these scores 
are, the harder the editing process is considered. In-
teraction mechanisms should therefore be improved 
by offering users more intuitive and flexible editing 
methods if the scores are particularly high. 
The time spent on each exercise and the time spent 
on each view of the rule editor were recorded, to col-
lect evidence on which parts of the rule required most 
cognitive effort by the participants. Considering the 
whole session, i.e., the edition of the 8 assigned exer-
cises, programmers spent an average time of 30 
minutes and 28 seconds (SD = 2.81 minutes), while 
non-programmers spent an average time of 37 
minutes and 40 seconds (SD = 5.37 minutes). These 
results were pleasantly surprising, as the whole ses-
sion was expected to be completed in 45 minutes 
average time and both groups required considerably 
less time. According to the t-test performed, there is 
statistical significant difference between both groups 
of participants (t = 3.358, p = 0.005). Nevertheless, 
this overall performance should not lead to the idea 
that both groups behaved quite differently, as the 
cause for the statistical significant difference is due 
to just two of the exercises, while the other six re-
main with quite similar times. A deeper analysis of 
the time spent on each exercise is required, what can 
be carried out with this experimental design. 
Table 2 
Descriptive statistics for time (seconds) spent on each exercise grouped by category of subjects. 
Exercise t Degrees of freedom (df) p-value Category Mean Std. Deviation 
Exercise 1 1.819 14 0.090 NP 113.011 23.613 
    P 96.471 10.190 
Exercise 2 1.352 14 0.198 NP 296.895 106.101 
    P 221.816 115.806 
Exercise 3 1.868 14 0.083 NP 151.684 44.816 
    P 118.680 22.101 
Exercise 4 0.723 14 0.481 NP 169.783 35.758 
    P 159.118 21.456 
Exercise 5 0.990 10.859 0.344 NP 376.355 176.877 
    P 305.764 96.963 
Exercise 6 0.757 14 0.462 NP 413.874 135.834 
    P 373.056 69.346 
Exercise 7 2.241 14 0.042 NP 378.510 133.836 
    P 265.731 48.469 
Exercise 8 2.512 8.668 0.034 NP 360.418 77.145 
    P 287.866 26.825 
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In terms of the time spent on each exercise, Table 
2 summarizes the average time and standard devia-
tion for each exercise grouped by subject category. 
Independent t-test were run for each exercise with 
95% confidence intervals for the mean difference, 
and assuming variance equality for exercises 1 to 4, 6 
and 7 (df = 14). Levene’s test for equality of vari-
ances showed this equality could not be assumed in 
exercises 5 (p = 0.014) and 8 (p = 0.011), so adjust-
ments to the degrees of freedom were made using the 
Welch-Satterthwaite method in order to properly 
apply independent t-test for both exercises. The sta-
tistical results of the t-tests show that non-
programmers average time is always higher for every 
exercise, although there are significant differences 
between programmers and non-programmers only in 
Exercises 7 (t14 = 2.241, p = 0.042) and 8 (t8.668 = 
2.512, p = 0.034). A detailed statistical analysis of 
the different rule views revealed that these differ-
ences are related to the editing of the operation view 
of the rule, as the average time spent defining the 
operation on these rules differs significantly between 
the two participant categories: p = 0.008 for Exercise 
7 and p = 0.033 for Exercise 8. This result can be 
explained by the difficulty level of the operation da-
taflows for these rules and by their specific cascade-
like operators layout, such as the operation in Fig. 13 
– (b). 
Moreover, a repeated measures ANOVA has been 
performed in order to determine which of the three 
difficulty factors significantly affected the editing 
time. The condition difficulty (c), operation difficulty 
(o) and presence of foreign entities (f) have been 
considered intra-subject effects with binary values, 
and the category of the participants (programmers or 
non-programmers) has been considered as a between-
subjects effect. The three intra-subjects main effects 
were statistically significant (p (c) < 0.001, p (o) < 
0.001, p (f) = 0.027), so each of the three considered 
factors incremented gradually the difficulty of the 
exercises. Based on Cohen’s Partial Eta Squared, it 
can be seen that the most important effect was the 
operation difficulty (p2 = 0.883), followed by the 
condition difficulty (p2 = 0. 666) and finally by the 
foreign entities presence (p2 = 0.304). However, the 
interaction of each of the intra-subject factors with 
the category of participants was not significant in any 
case. This result means that each intra-subject factor 
affects similarly to both categories of participants. 
After the statistical analysis, it can be seen that 
both user groups performed almost similarly when 
the amount of time spent on each exercise is consid-
ered. Only statistical differences were found for the 
two rules of greater difficulty, because, as expected, 
adaptation to new systems and interactions is usually 
slower for non-programmers. However, time results 
for both groups were satisfactory and improved the 
expectations. 
 
The second metric in the process efficiency di-
mension is related to the exploration of collections by 
using graphic controls that provide 360º interaction 
mechanisms, based on tangibles for visualizing, posi-
tioning and exploring the contents of any existing 
collection during the edition process. The partici-
pants’ explorations are occasionally unsatisfactory as 
they are unable to find the desired element. Fruitless 
explorations are those that do not lead either to the 
selection of the source, target or event item, or the 
extraction of a property or operator to the canvas. 
These explorations force participants either to use the 
deletion tangible on the collection or to lift and bring 
back the tangible from/to the surface to put the col-
lection back into its initial state. Table 3 shows that 
there are no significant differences between pro-
grammers and non-programmers with respect to the 
total number of fruitless explorations for any type of 
collection, considering the non-parametric Mann-
Table 3 
Statistical analysis of the number of fruitless explorations for each type of collection. 
Collection Mann-Whitney U Z p-value Category Mean Std. Deviation 
Operators Collection 20.5 -1.218 0.223 NP 9.75 2.816 
    P 8.00 3.817 
Foreign Element Collection 29.5 -0.272 0.786 NP 2.63 1.061 
    P 2.88 2.031 
Source Collection 27.5 -0.485 0.628 NP 1.63 1.685 
    P 2.00 1.773 
Target Collection 21.0 -1.272 0.203 NP 0.38 0.518 
    P 1.13 1.356 
Event Collection 29.0 -0.463 0.643 NP 0.25 0.707 
    P 0.25 0.463 
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Whitney tests performed. Fig. 10 shows the total 
number of fruitful and fruitless explorations in com-
parison for each category of users and type of collec-
tion. Thus, it can be seen that fruitless explorations 
are almost inexistent in the source, target or event 
collections. The operators’ collection seems to be the 
most conflictive one (66.67% and 56.14% of fruitless 
explorations for non-programmers and programmers, 
respectively). The operators’ collection offers its el-
ements initially grouped by category: logical, rela-
tional, arithmetic operators and selectors. Once the 
user has selected a category, operators belonging to 
that category are shown. The participants often failed 
to select the operator’s proper category, so that a 
more intuitive and visual grouping method should be 
considered in future versions of the editor. Even with 
these difficulties, participants managed to explore the 
collection satisfactory in the vast majority of situa-
tions, as fruitless explorations with the operators’ 
collection represent the 23.42% of interactions with 
this collection for non-programmers and 21.19% for 
programmers. 
 
The third metric considered in the efficiency di-
mension is the number of elements removed from the 
editing area, especially the types of nodes and data-
flows connections removed during the editing pro-
cess. 
Fig. 11 gives the number of deleted nodes by type 
and shows that constant values come up as the most 
problematic type of node for both categories of users 
(42.58% of all deletions). The control associated with 
numeric constant insertion was shown to be unsatis-
factory for many users. In this respect it can be con-
cluded that, although non-programmers always per-
 
Fig. 10. Total amount of fruitless explorations for each type of collection in all tasks. 
 
Fig. 11. Number of deleted nodes grouped by type of node. 
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form considerably more deletions than programmers, 
there are no significant differences in deletions of 
any type of node, according to the non-parametric 
Mann-Whitney tests performed (see Table 4). Addi-
tionally, the analysis of the deletions related to data-
flow connections reveals that there are no significant 
differences between programmers (M = 0.45, SD = 
1.402, Median (Mdn) = 0.00) and non-programmers 
(M = 0.34, SD = 0.996, Mdn = 0.00). 
4.4.2.  Correctness of rules 
The edited rules were examined in order to deter-
mine whether non-programmers make significantly 
more mistakes than programmers. A deeper analysis 
was performed to determine the most frequently oc-
curring errors and to provide reasonable solutions 
that would prevent these errors and thus improve the 
editing process. 
Concerning the 8 exercises assigned to each user, 
non-programmers made a total of 17 mistakes (M = 
2.13, SD = 3.271, Mdn = 0.50) in contrast to 7 mis-
takes by programmers (M = 0.88, SD = 0.641, Mdn = 
1.00). Despite the high number of mistakes made by 
non-programmers, the non-parametric Mann-
Whitney test shows there is no significant difference 
between both user groups (U = 32.00, Z = 0.00, p-
value = 1.00), as most non-programmers’ mistakes 
were made by two of the subjects (this will be dis-
cussed below). For non-programmers, the distribu-
tion of errors among the three parts of the rule con-
sists of 4 errors in the event, source and/or target 
population, 3 errors in the condition and 10 errors in 
the operation. The programmers did not make any 
mistake establishing the event, source and target 
population, but made 6 errors on the condition and 1 
error on the operation. A detailed classification of the 
errors made while editing data processes leads to 4 
different mistake typologies: incorrect operator, in-
correct property, incorrect numerical insertions and 
incorrect dataflow connections. Fig. 12 shows the 
different types of mistake for each category of users. 
Incorrect operator errors occur when participants 
use a different operator from the one provided in the 
rule specification. This was the most common mis-
take among programmers and was observed to al-
ways occur when dealing with the “greater than” and 
“smaller than” operators. As can be seen in Fig. 3, 
the inverse symmetry of these two operators com-
bined with the 360º collection exploration controls 
leads to confusion, despite the use of graphical aids 
to help distinguish them, such as a pointer indicating 
the lower side of the operator. As can be seen in Fig. 
12, only 8 operator confusions were made by the 
totality of participants in the whole experiment. Only 
6 programmers confused an operator, each of them 
only once in the whole session (26 operators in total). 
Also, there was just one non-programmer who made 
this mistake twice in the whole experiment. 
Incorrect property mistakes come up when the us-
er extracts a property other than the one specified in 
the rule. According to the video recordings of the 
 
Fig. 12. Number of errors by typology for each category of users. 
Table 4 
Statistical analysis of the number of deleted nodes by type. 
Node type Mann-Whitney U Z p-value Category Mean Std. Deviation 
Numerical constants 23.5 -0.904 0.366 NP 5.00 3.586 
    P 3.25 2.712 
Operators 16.0 -1.721 0.085 NP 3.75 2.493 
    P 1.75 1.282 
Source and target properties 15.0 -1.864 0.062 NP 1.88 1.356 
    P 0.63 0.744 
Foreign properties 21.5 -1.188 0.235 NP 1.75 2.188 
    P 0.63 1.061 
Event properties 23.5 -1.179 0.239 NP 0.63 1.061 
    P 0.13 0.354 
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tests, these mistakes happened under the following 
circumstances: on two occasions the participant did 
not look at the correct view of the rule specification 
on his paper-based solution, and so used the proper-
ties shown in the condition instead of those necessary 
for the operation, as their names were similar. Also, 
on two occasions the participant chose a property 
with the same name but belonging to a different pop-
ulation with similar name to the one required (i.e.: 
Bedroom1Blinds.Level and Bedroom2Blinds.Level). 
And on one occasion the error was due to a complete 
misunderstanding of the operation to be edited. These 
observations suggest that some kind of visual repre-
sentation of the elements should be given instead of 
their names in text. Text-based representation of 
populations seems unsuitable when dealing with 360º 
controls, as it leads to confusion. Each participant 
had to extract 16 properties in total, thus, the number 
of incorrect property mistakes is considered low. 
Incorrect numerical insertions arise due to the user 
interface control provided to insert constant numbers. 
Several participants reported this control as being 
hard to understand and manipulate (see Section 4.5). 
When users have to establish several constant num-
bers in the same data process, they usually join these 
interactions together. Due to the incorrect use of the 
tangible widget, they inadvertently modify the values 
of the previous numerical insertions. A single partic-
ipant has to perform 16 numerical insertions along 
the 8 exercises, and considering that programmers 
only made one mistake, while non-programmers 
made two, the number of incorrect numerical inser-
tions is far from being critical. 
Finally, the incorrect dataflow connection error 
accounts for the properties, constants or operators not 
connected to the correct input node. This is some-
times due to the similarity of two property names, 
which causes the participant to swap their connec-
tions, or because of an unusual cascade-like series of 
operators, such as the one in Fig. 13– (b). There are 
64 dataflow connections within the 8 exercises each 
participant edited. Considering that only 2 non-
programmers made 2 incorrect dataflow connections 
each, it has not been considered a problematic issue. 
Fig. 14 contains a histogram of the maximum 
number of mistakes made by a single user in each 
participant group. In this regard, one programmer 
 
Fig. 13. (a) Tree-like operation. (b) Cascade-like operation. 
 
Fig. 14. Maximum number of mistakes made by a single user for 
each category of participants. 
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made a maximum of two mistakes during the whole 
session, whereas there were two non-programmers 
that made 9 and 5 mistakes, respectively. The 9 mis-
takes can be classified into several categories: mixing 
up the “greater than” and “smaller than” operators 
twice; establishing an incorrect property four times; 
and selecting an incorrect source or destination popu-
lation three times. In general, the main source of this 
participant’s errors can be attributed to the editor’s 
legibility issues. The five mistakes made by the other 
error-prone non-programmer were due to incorrect 
dataflow connections, incorrect constants and incor-
rect properties. The unusually high number of mis-
takes made by this user can be partially explained by 
the short length of time he devoted to performing the 
different exercises, as witnessed by the video record-
ings and log records. In fact, he spent less time on the 
exercises than several of the programmers, and more 
than likely did not give enough time to reading and 
understand the rules to be edited.  
4.4.3.  Process layout management 
The main aim of this dimension is to evaluate the 
suitability of the layout of interface elements in the 
editing area. Considered in this dimension are inter-
actions which do not affect the meaning of the rule 
but help users feel more at home with the visual in-
terface. Two types of action (collection and node 
movements) were studied related to the movement 
and dragging of interface elements on the surface. 
Analyzing the number of times the participants redis-
tributed both nodes and collections was expected to 
reveal whether the position of these elements on the 
surface could give problems to the participants. 
The number of collection movements during the 
whole session has been analyzed for both program-
mers (M = 41.56, SD = 16.459, Mdn = 39.5) and 
non-programmers (M = 44.42, SD = 20.126, Mdn = 
38.50). Mann-Whitney test shows that there are no 
significant differences between both groups (U = 
1945.5, Z = -0.489, p-value = 0.625). 
In relation to node movements, a statistical analy-
sis was carried out on the mean excess node move-
ment ratio. This ratio was computed from the number 
of nodes moved by a user divided by the number of 
nodes that the user extracted into the editing area for 
each exercise. This measure gives more precise in-
formation on how node movements are distributed, 
since it takes into account the fact that users extract-
ing more nodes than those necessary for the current 
rule are more likely to perform a higher number of 
drags. Fig. 15 shows that non-programmers have 
higher average node dragging ratios than program-
 
Fig. 15. Average ratio of moved nodes divided by the number of extracted nodes for each exercise. 
Table 5 
t-tests comparing the excess node movement ratio for each exer-
cise between programmers and non-programmers. 
Exercise t Degrees of freedom 
(df) 
p-value 
Exercise 1 1.288 14 0.219 
Exercise 2 2.196 14 0.045 
Exercise 3 1.334 14 0.203 
Exercise 4 2.826 14 0.013 
Exercise 5 -0.516 14 0.614 
Exercise 6 -0.479 14 0.639 
Exercise 7 0.461 14 0.652 
Exercise 8 2.016 14 0.063 
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mers for the majority of the analyzed exercises. 
However, Table 5 shows no significant differences 
between non-programmers and programmers, except 
for Exercises 2 and 4, in which non-programmers 
moved a significantly higher number of nodes. In 
both these exercises, two non-programmers per-
formed an extremely high number of node move-
ments. Further analysis of the video recordings 
showed that this behavior responds to a series of re-
locations of the elements on the surface in an attempt 
to correct previous mistakes. 
Additionally, the analysis of the session videos al-
so explains the high number of node relocations. 
Properties, attributes and operators may be added to 
the editing area by tapping on the corresponding col-
lection element, which are automatically extracted 
and positioned in the nearest empty area. As more 
often than not the automatically selected location is 
at a distance from its final location, the participants 
are forced to perform a high number of dragging 
movements to place the nodes at their final destina-
tion. To facilitate the editing process, the algorithm 
for node positioning could be improved in order to 
find the best place for the current structure of the rule 
being edited (e.g. empty places near to operators’ 
inputs with compatible types) and not just the empty 
places around the collection being explored. 
A related issue is the spatial distribution of ele-
ments inside the canvas. This metric should give vis-
ual evidence of the best place in the canvas to place a 
given type of element, according to the users’ pre-
ferred positions during the editing process. Redistrib-
uting the elements in future versions of the editing 
tool will make it easier by reducing the number of 
movements of both nodes and collections. 
Fig. 16, Fig. 17, Fig. 18 and Fig. 19 represent the 
 
Fig. 16. Final position for events collection. 
 
Fig. 17. Final position for source collection. 
 
Fig. 18. Final position for target collection. 
 
Fig. 19. Final position for operators’ collection. 
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preferred collection positions for both categories of 
participants for each collection type. The size of the 
colored bubbles in the mentioned figures indicates 
the amount of collections positioned in that area: the 
bigger the bubble is, the more collections have been 
positioned in that area of the canvas. When defining 
a rule the initial view forces the user to put the source, 
target and event collections in a fixed position to start 
the exploration. These fixed initial positions are 
shown in Fig. 16, Fig. 17 and Fig. 18 as semitrans-
parent red rounded areas, considering that the user is 
placed in the bottom side of the picture. It can be 
seen that both participant groups tend to keep these 
positions. In addition to the previous collections, 
there are two exploration collections (operators and 
foreign elements) which do not have any predefined 
position, so that the users are free to place them 
wherever they want. In this case, there is a marked 
preference by both groups for placing the operators’ 
collection in the lower half of the surface. As can be 
seen in Fig. 19 and assuming that the user is sitting at 
the bottom side of the surface, this is near to them so 
that they can easily manipulate the collection and 
look for the desired operator with their dominant 
hand. This is explained by the fact that this is a repet-
itive interaction during the edition process of data-
flows. The position of this control in the workspace 
agrees with previous studies on the territoriality of 
controls in tabletop-based user interfaces 
[35],[37],[44], which indicate that users tend to keep 
the most frequently used controls close to them, as 
can be seen in Fig. 19. The figure for the preferred 
foreign element collection position is not shown as 
both participant groups did not clearly came up with 
a specific area in which to display and use this col-
lection. Instead, it was positioned in the empty areas 
remaining in the canvas, depending on whether the 
other elements where located. 
4.5.  Questionnaire results 
The participants were asked to complete question-
naires on ease of use and their personal experience 
with the editor and its interaction mechanisms. The 
main goal of the questionnaires was to determine 
whether the editor was considered an effective tool 
for behavior specification by each of the user catego-
ries. Table 6 shows the eleven questions users had to 
answer, using a 5-point Likert scale. Fig. 20 shows 
the median scores for each question by user category. 
In general, all the aspects considered were as-
sessed positively, but some guidelines for future im-
Table 6 
Questions scored by participants in the questionnaire. 
Id Question: I consider that… 
Q1 Adding properties to the data process being edit-
ed is easy. 
Q2 Establishing the value for a numeric constant 
using the numerical setting control is easy. 
Q3 Connecting two elements with a dataflow is 
intuitive and easy. 
Q4 Creating dataflows using my fingers is a com-
fortable task even when having to perform sever-
al connections. 
Q5 Having tangibles to position and explore the 
source and target population and the event is 
useful. 
Q6 I would prefer to perform the editing task in 
collaboration with another user. 
Q7 The editor could be useful if I had an interactive 
tabletop in the context of a smart home. 
Q8 This tabletop-based rule editor is a novelty tool. 
Q9 The rule editor is easy to use. 
Q10 People could easily learn how to use the editor. 
Q11 I would not need technical support to manipulate 
the rule editor. 
 
Fig. 20. Median scores by question and participant category. 
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provements were revealed. For instance, extracting 
properties into the editing area (Q1) was considered 
as an easy step by both groups of participants. How-
ever, they also reported that establishing the numeri-
cal constant using the associated control was not as 
easy to use as it was designed to be (Q2). 
Connecting elements with the fingers in order to 
create a new dataflow was considered as an intuitive, 
easy to use interaction mechanism (Q3). If there are a 
large number of dataflows to connect, this is a useful 
and easy method of creating expressions (Q4). 
Another issue considered was the ability to use 
tangibles for freely positioning the collections asso-
ciated with the event and the source or target popula-
tions (Q5), which was described as a highly desirable 
feature. Nevertheless, the editing tool and the con-
trols for exploring collections are not limited to tan-
gible-based manipulation. If future versions of this 
editor have to be deployed on multitouch platforms 
with no support for tangible interaction, the collec-
tions could be accessed through finger-based interac-
tion and positioning could be done with the fingers. 
The participants were also asked whether they pre-
ferred editing in collaboration with another user (Q6), 
as interactive tabletops offer several advantages in 
this area. This was the only issue in which the pro-
grammers showed less interest than the non-
programmers, and most preferred editing by them-
selves. On the other hand, the non-programmers did 
not show a marked preference for either option. 
When asked about the usefulness of the editor 
within the context of a smart home with an interac-
tive tabletop to specify behavioral rules (Q7), they 
considered that it would be an effective tool in this 
regard. The novelty of the editing tool was also high-
ly rated (Q8) by both categories. Both groups also 
considered that in general the editor was a very easy 
tool to use (Q9). 
The last two questions were designed to evaluate 
the perceived difficulty of the learning process. They 
thought people could easily learn how to use the rule 
editor (Q10) and that little technical support would 
be needed to be able to specify behavior rules with 
the proposed editor (Q11). 
The participants were also asked to answer several 
open-ended questions (see Table 7) with the aim of 
getting their personal opinion and comments. When 
asked about new connection mechanisms for creating 
dataflows between elements (OQ1), 8 participants 
proposed tapping the elements to be connected with 
the fingers or using tangibles. Another frequent sug-
gestion was to allow bidirectional connection, as in 
this experiment a dataflow could only be created in 
the natural data flow direction, from output elements 
(properties, numerical values) to input elements (op-
erators’ inputs, target nodes). 
The next three questions dealt with which parts of 
the editing process the participants perceived as 
clearest/easiest (OQ2), difficult (OQ3) and tiring 
(OQ4). The easiest part of the process seems to be 
selecting the source/target populations and the event 
(mentioned 8 times), followed by the connection of 
elements to create dataflows (4 times). The most dif-
ficult part was thought to be establishing the numeri-
cal values (7 times), followed by exploring the opera-
tors’ collection to find the desired item (3 times). The 
answers related to tiring actions did not deal with 
interaction issues but with the inappropriate height of 
the interactive tabletop, which forced them to adopt 
an unnatural posture. 
In answer to Q5, the subjects reported a preference 
for using tangibles to freely position the source, event 
and target collections. However, when asked to sug-
gest the most appropriate fixed position for these 
collections (OQ5) many different responses were 
obtained. All of them would place these collections at 
the sides of the screen as fixed or deployable collec-
tions, but each subject suggested a different configu-
ration: some of them would prefer to have the three 
collections on the same side and others would keep 
them on different sides. 
Several interesting ideas emerged from the last 
question, focused on comments and suggestions 
(OQ6), and thus they will be reported in Section 5. 
5.  Discussion 
Several metrics were studied regarding process ef-
ficiency, rule correctness and layout management. 
These studies revealed that both programmers and 
Table 7 
Open-ended questions survey. 
Id Question 
OQ1 How would you improve the dataflow connec-
tion mechanism? 
OQ2 Which parts of the editing process do you think 
are the clearest/easiest? 
OQ3 Which part of the editing process do you think is 
the least clear/easy? 
OQ4 Which part of the editing process do you think is 
the most tiring? 
OQ5 If the source, event and target collections had to 
be in a fixed position on the surface, which one 
would you prefer? 
OQ6 Comments 
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non-programmers are able to handle the underlying 
concepts on which the edition tool is based and are 
able to use the interaction mechanisms provided by 
the editor to define behavior rules. 
Firstly, although the programmers completed the 
exercises in less time than non-programmers, as 
could be expected, the average time of both groups 
only differed when dealing with complex operations. 
These results agree with the answers obtained from 
the questionnaires, in which both programmers and 
non-programmers reported that the editor was easy to 
use, easy to learn, and they did not believe advanced 
technical support was required to use it. Consequent-
ly, as the non-programmers found it easy to under-
stand the editing task, similar completion times were 
expected. 
Secondly, both groups of participants were ob-
served to behave similarly when managing the ele-
ments on the surface. They both tended to move and 
redistribute nodes several times in a structured way 
while editing a data process, which suggests that di-
rect touch interactions were used to check whether 
the expression was complete, instead of simply in-
specting what they had done. This seems to indicate 
that the visual representation of the rule-based behav-
ior is appropriate for helping non-skilled users in 
such a demanding task and allows them to approach 
the problem in stages by grouping and reorganizing 
elements. 
The possibility of manipulating collections freely 
using tangibles is a highly desirable feature in this 
visual editing process. They have been reported as 
being a useful mechanism for exploring and position-
ing collections in order to make full use of the avail-
able space. Moreover, positional patterns can be de-
tected from both the video recordings and the final 
positions of the collections. Most of the participants 
preferred the same positions for source, event, target 
and operator collections. 
The interaction techniques used to edit dataflows 
between two elements were considered to be easy to 
apply, although some usability suggestions were of-
fered in response to the open-ended questions. Some 
subjects requested the possibility of editing dataflows 
in both directions, not only from the data producer 
node to the data consumer node, but also vice versa. 
Other suggestions included for consideration were 
using tangibles to connect elements or simply con-
necting them by tapping. 
Some usability problems were also reported and 
the possible solutions were analyzed. In the prototype, 
representing elements inside a collection by their text 
names is inappropriate, as text is hard to read with 
360º controls. Several users confused the names 
when selecting properties or populations or connect-
ing dataflows involving properties with similar 
names. This problem could be overcome by using 
visual representations. The types of elements in a 
smart home are easy to identify by icons, such as an 
image of a radio or a television. However further 
solutions will have to be found to differentiate be-
tween entities of the same type, e.g. OfficeRadio and 
BedroomRadio, perhaps by changing the text orienta-
tion or combining visual and textual representations.  
A similar problem was found with the operators 
collection when classifying the operators into catego-
ries. The textual representation of the operators’ cat-
egory name was not apparent to the participants, and 
they were forced to explore this collection looking 
for the required operator inside each category repeat-
edly. An efficient solution would be to show a minia-
ture of the operators inside a category instead of its 
name in text. Also, the visual representation of the 
“greater than” and “smaller than” operators will 
have to be changed into a more intuitive one, since it 
was the source of several mistakes in the editing pro-
cess; five users reported these operators to be diffi-
cult to distinguish. The possibility of collaborative 
editing has led to the introduction of this type of mir-
roring mechanisms and 360º controls. However, the 
problems detected in this regard suggest a reconsid-
eration of the user interface if the tool is going to be 
used mostly by a single user, thus avoiding 360º vis-
ual representations and orienting the elements only 
towards the user’s position. 
The control that caused most problems was the 
numerical value selector, as can be deduced from the 
questionnaires and due to the high number of dele-
tions in this type of node. This control should be re-
designed to improve the insertion of numerical values 
into the rule. Different solutions were also proposed 
by the participants, such as simply rotating the tangi-
ble to set the number instead of using a slider. An-
other option would be using “+” and “-” symbols to 
increase or decrease the numerical value to be estab-
lished, or possibly the use of a calculator-like control. 
6.  Threats to validity 
As in any other empirical study, special attention 
should be paid to the scope and implications of the 
results due to limitations and validity threats on the 
empirical design [48]. The design of the experiment 
has included some considerations to prevent several 
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validity threats. Regarding the reliability of treatment 
implementation, all subjects were trained by the same 
researcher, applying the same treatment and envi-
ronmental conditions and following a standard guide-
line to avoid differences during the process. Another 
consideration was to correctly verify the statistical 
tests’ assumptions and select the best appropriate test 
for each dimension. In terms of reliability of 
measures, all the data has been extracted from the log 
files of the system to assure completeness and cor-
rectness of the information. Cronbach’s Alpha for the 
usability questionnaires (except for question Q6, 
which evaluates the collaborative potential) is 0.742. 
The conducted study has been performed on a 
simulated environment. The obtained results can only 
be applied to the mentioned experimental conditions. 
Thus, it has yet to be studied how users would feel 
from medium to long term using the system in a real 
environment. 
Another issue that has been handled to avoid af-
fecting either the conclusion or the external validity 
of the experiment is the selection of participants. A 
very heterogeneous group could lead to a situation in 
which a small variation of a single participant’s per-
formance causes larger differences in the outcomes 
of the experiment. On the contrary, a very homoge-
neous group could affect the external validity of the 
experiment, as it would not allow the generalization 
from the sample to a broader population. The sub-
jects of the experiment have been selected randomly 
through mailing lists, but maintaining an adequate 
equilibrium between homogeneity and heterogeneity 
of individuals inside each group. On the one hand, 
programmers have been recruited from different 
computing backgrounds: software design, multipro-
cessors networks, videogame development, current 
bachelor students and PhD students. On the other 
hand, non-programmers backgrounds also range from 
diverse areas: laws, business management, physio-
therapy, architecture, and current engineering and 
arts students. For balancing the heterogeneity within 
groups, the age range of the participants helped to 
establish a common technological framework: people 
aged from 17 to 37 are born in the digital era, are 
familiar to tactile devices and screens and are not 
afraid of using new technologies. Thus, they are con-
sidered the target audience for the developed editing 
tool, although it would be desirable to study how 
people from different age ranges make use of the 
system. 
The study lacks of left-handed participants, but the 
graphical user interface has been designed having in 
mind any kind of edition: using one or two hands, 
right or left-handed people, and with the user posi-
tioned at any place around the table. Thus, all the 
controls can be reoriented and repositioned. There-
fore, left-handed participants should feel as comfort-
able as right-handed ones while editing. 
Collaboration features have been included in the 
design of the editing tool but its analysis was not part 
of the scope of this experiment. It was expected that 
using a collaborative environment for individual 
tasks could led to confusions. Nevertheless, the in-
formation extracted from the questionnaires and the 
empirical evaluation of the individual editing exer-
cises has been really helpful. With this information, a 
refined version of the editing tool could improve the 
collaboration features of the interface and study the 
effectiveness of collaborative editing tasks. 
A major issue has been the reduced number of par-
ticipants in the experiment. Even that several replica-
tions of the experiments have to be carried out with a 
higher number of participants, the statistical power of 
the performed tests according to Cohen’s d parameter 
and the size of the samples is sufficient to extract 
initial conclusions. Additional experiment replicas 
would be needed to confirm the results with higher 
statistical power. 
7.  Conclusions and future work 
Customizing future smart environments will re-
quire intuitive and highly expressive languages in 
order to give final users full control of the system. 
This work presents a rule editing tool for interactive 
tabletops aimed at specifying behavior in reactive 
smart environments. The behavior specification in 
this editor is based on a generic rule model enriched 
with dataflow expressions, which allows highly ex-
pressive rules to be defined in terms of comprehensi-
ble representation. An experimental study was con-
ducted to evaluate the suitability of this tool to sup-
port behavior definition in intelligent environments, 
such as a smart home, by users with different pro-
gramming backgrounds. The results obtained show 
that, in general, users with no programming experi-
ence are able to successfully specify behavior using 
the proposed visual language and tool, with minimal 
differences in relation to programmers. 
The experiment has served to identify some of the 
problems that will need to be addressed in the design 
of future tangible tabletop-based editors for personal-
izing smart environments. Certain usability problems 
were detected in the editing tool, such as the inade-
Author version 
Patricia Pons, Alejandro Catalá, Javier Jaén. Customizing Smart Environments: A tabletop approach. Journal of 
Ambient Intelligence and Smart Environments, vol. 7 (4), pp. 511-533, 2015 
 
quate use of text representation, which led to the sub-
jects confusing elements, the ambiguous classifica-
tion of operators within categories and the defective 
usability of the numerical setting control. Further 
work should be done to solve these issues in future 
versions. New or redesigned interface elements 
should be provided for the user interface aspects 
found to cause problems. Other interaction mecha-
nisms, not reported as unsatisfactory, are also being 
reconsidered. Creating dataflows between nodes with 
dragging finger movements needs longer manipula-
tion times. In order to reduce this time, a set of im-
proved interaction techniques is being developed and 
evaluated to be included in future versions of the 
editor. 
The editing tool interface introduces several fea-
tures which will allow collaborative editing scenarios, 
e.g., two users in an interactive play room deciding 
how to configure the color of the light according to 
the activity being carried out. These features have led 
to confusion in some cases, and users are not as in-
volved as expected in collaborative edition. There-
fore, an additional experiment should be carried out 
once the interaction problems reported are solved. In 
this experiment, a collaborative editing rule interface 
versus an individual one should be presented to users 
in order to perform the edition individually or in col-
laboration with other users. This study will reveal 
whether the neutral feedback obtained in the ques-
tionnaires in section 4.5 are just a matter of technolo-
gy’s lack of awareness or not. 
Although the editor adequately serves its purpose, 
non-expert users may have difficulties in their initial 
attempts to create their own personalized rules. Even 
experienced users can get into trouble when they 
attempt to create highly expressive and complex rules 
from scratch. For this reason users should be provid-
ed with assistance during the environmental customi-
zation process. An intelligent rule management sys-
tem is being designed, aimed at allowing non-expert 
users of smart environments to effectively configure 
their own behavioral rules, with the help of guidance 
throughout the process. This assisted edition should 
provide intelligent mechanisms to anticipate users’ 
interactions, offering suggestions or corrections 
based on the analysis of previously defined rules in-
side a global repository by means of heuristics or the 
detection of rule patterns. This is an ambitious pro-
ject, as several dimensions have to be explored re-
garding the appropriate patterns and heuristics to be 
used, and how suggestions or auto-completions are to 
be shown on the user interface in order to achieve a 
non-obtrusive intelligent system. 
Other interesting future work related to the evolu-
tion of the environment will deal with handling rules 
in a conflict. In a real smart environment, several 
users coexist, each one with different preferences. If 
every user defines his own behavior rules in the same 
environment, it is likely that conflicting rules will 
appear. Some work has been done in terms of defin-
ing multi-agent systems to manage preferences from 
several users inhabiting the same environment [15]. 
Even a single user may inadvertently specify contra-
dictory behavior, so that a mechanism must be pro-
vided to automatically detect these conflicts. A study 
should also be made of designing a comprehensible 
way of giving feedback to users on any problems 
detected, to help them to solve the situation. In this 
regard, interesting studies are emerging focused on 
intelligibility, or the ability to understand how users 
model the behavior of their environment and how to 
represent this information to help them to manage the 
environment when its behavior goes wrong [10]. 
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